Introduction
While early detection of prostate cancer allows for curative therapies such as surgery and radiation treatments, patients with locally advanced and metastatic prostate cancer are treated with androgen ablation therapy. However, despite initial response, the majority of men will progress to develop castrateresistant prostate cancer (CRPC) which, despite the emergence of new treatments such as abiraterone acetate and Enzalutamide (MDV3100), is still challenging to treat. Therefore defining the mechanisms of resistance represents a key question facing clinicians and scientists.
Using a combination of transcriptomics profiling and bioinformatics analysis, we have recently identified Serum Response Factor (SRF) as an important transcription factor (TF) in an in vitro model of CRPC [1] .
SRF is a widely expressed TF involved in cellular proliferation and cytoskeletal organisation as well as cellular growth, differentiation and resistance to apoptosis [2, 3] . Known SRF target genes are characterised by single or multiple copies of the serum responsive elements (SRE) which contain the consensus sequence CC [A/T]2A[A/T]3GG, generally known as CArG box. SRF has been recently associated with prostate cancer by our group and others and its inhibition has been shown to decrease cellular proliferation in LNCaP cells [1, 4] . The association of SRF protein expression with prostate cancer and its relevance to patient survival has also been shown in several studies [5, 6] . We have recently validated SRF clinical relevance to CRPC by immunohistochemical staining in patients who had failed hormone ablation therapy and had received a transurethral resection of the prostate (TURP), with 95% of these patients showing SRF nuclear positivity against only 50% of localised tumours [1] . In line with a previous study which showed an association between SRF expression in primary prostate cancer tissues and poor outcome following radical prostatectomy [6] , we have recently shown a negative association between SRF nuclear positivity in bone metastases of patients who died of prostate cancer and survival from time of diagnosis and time of castration-resistance [5] .
While mounting evidence both in vitro and in vivo suggest a key role for SRF in prostate cancer development and progression [1, [4] [5] [6] [7] [8] , the mechanisms underlying SRF action in prostate cancer are still poorly understood. Recently, an SRF androgen-dependent gene signature was discovered, which indicated that a proportion of androgen-responsive genes are under SRF control [7] . While a role for RhoA has been suggested for SRF activation in response to androgens [9] the question still remains whether the androgen receptor (AR) is involved in this activation, considering that recruitment of AR by SRF on serum response elements has been previously shown in myoblasts [10] . Due to the central role played by AR during prostate cancer development and progression and to the fact that a significant proportion of CRPCs remain sensitive to ligand activation of AR [11] the aim of the present study was to investigate the relationship between SRF and AR in advanced prostate cancer.
Material and Methods

Cell culture and reagents
The LNCaP Parental cells (ATCC) were routinely cultured as published previously [1] . The LNCaP Abl cell line was generated from the LNCaP cell line as described previously [12] and cultured as previously described [1] . In order to keep conditions consistent with their LNCaP Abl subline, LNCaP Parental cells were cultured in medium supplemented with charcoal-stripped FBS (Sigma, Germany) for 48 hours before DHT stimulation. The PC346 DCC cell line was a gift from Dr. Wytske M. van Weerden, Erasmus Medical Center, Rotterdam, Netherlands. This cell line was derived from the PC346C cell line, generated from the prostate tumor of a patient with non-progressive prostate adenocarcinoma (T4N0M0), upon long-term culture in charcoal-stripped medium as previously described [13, 14] . PC346 DCC cells were cultured as previously described [13] . All cell lines were maintained at 37ºC in a humidified atmosphere of 5% CO2 in air.
(5α,17β)-17-Hydroxy-androstan-3-one (DHT) was purchased from Sigma. CCG-1423 was purchased from Cayman Chemicals. MDV3100 was purchased from Selleckchem, UK. developed assay reagent (Applied Biosystems, CA, US). Results were analyzed using the ∆Ct method and all samples were set up as duplicates.
Flow cytometric analysis
Proliferation was assessed by measuring the S phase within the cell cycle following propidium iodide (PI) incorporation as previously described [18] . Fifteen thousand events were gated on PI intensity. Data were acquired using the BD CFlow® Plus software and re-analysis was performed using the FCS Express 4 RUO software.
3-(4,5)-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) cell viability assay
Two hundred and fifty thousand cells per well were cultured in 12-well plates. Twenty-four hours later, cells were treated with either vehicle (ethanol), MDV3100 (10 µM), CCG-1423 (10 µM) or a combination of MDV3100 and CCG-1423 for 48 hours. Cell viability was assessed by MTT cell staining as previously described [18] .
Sample Collection/Tissue Microarray Construction
CRPC metastases TMA. Human tissue microarrays were constructed consisting of 65 soft tissue metastases and 120 bone metastases from 42 patients with advanced PCa. Samples were obtained from patients who died of metastatic CRPC and who signed written informed consent for a rapid autopsy to be performed ideally within 2 hours of death, under the aegis of the Prostate Cancer Donor Program at the University of Washington [19] . Two replicate 1 mm cores of soft tissue metastases and bone metastases were taken from every case where available [20] . The tissue microarrays were assembled using the Beecher Instruments Tissue-ArrayerTM (Beecher Instruments, Silver Spring, MD).
Radical prostatectomies TMA. A TMA was constructed from a population-based cohort of 341 PCa
patients who underwent open radical prostatectomy between 1998 and 2006 at the Department of Urology, Skåne University Hospital, Malmö, Sweden using a previously described protocol [21] . From each patient, benign and malignant cores in duplicate were mounted in a total of 13 paraffin blocks.
Biochemical recurrence (BCR) was defined as a blood PSA level of at least 0.2 ng/ml with a subsequent confirmatory value.
Immunohistochemical (IHC) Analysis
Antigen retrieval of the deparaffinised tissue sections was performed using a PT-Link module (DAKO) at 95°-99°C for 20 min in a citric acid buffer (0.01M, pH 6.0). Slide staining was performed using a DAKO autostainer Link 48 according to the manufacturer instructions. Tonsil sections were used as positive controls for SRF staining. Prior to this study, both SRF and AR antibodies were subjected to western blot analysis which confirmed antibody specificity [1] .
Scoring of SRF and AR Protein Expression and Statistical Analysis
Some unusable cores were found in the TMAs due to the tissue cores being missing, cancer necrosis, or insufficient cancer cells. These cores were excluded from the study. Nuclear immunoreactivity for SRF in soft tissue metastases and bone metastases was assessed by two independent observers (GOH and EK); nuclear immunoreactivity for SRF and AR in androgen-naïve prostatectomies was also assessed by two independent observers (MP and AF). Immunostaining was assessed using a nuclear score for SRF and AR, created by multiplying each intensity level (0, no staining, 1, faint but clearly detectable staining, 2, moderate staining and 3, strong staining) by the corresponding percentage of positive epithelial cells.
For the purpose of statistical analysis, the nuclear scores of SRF and AR were then further divided into two groups: negative (immunohistochemical score <100) and positive (immunohistochemical score >100). Pearson correlation was performed on 2X2 contingency tables using IBM SPSS 20 for Windows®.
Computational Model
Mathematica was used to develop and run the model simulations. The model equations used to generate 
The model input is DHT.
Results
SRF response to androgen stimulation is dependent on AR expression
To assess whether SRF transcriptional activity was responsive to androgen stimulation, parental LNCaP cells and their castrate-resistant subline LNCaP Abl were treated with increasing concentrations of DHT (1, 10, 100 nM) for 24 hours. Following DHT treatment, luciferase reporter assays showed a significant dose-dependent increase in SRF transcriptional activity in both cell lines. However this induction was 10 to 15 fold higher in the Abl cells compared with the parental cell line ( Figure 1A ). To confirm that SRF transcriptional activity was responsive to androgens, we stimulated the cells with DHT and simultaneously treated them with 10 µM of the potent AR inhibitor MDV3100. Luciferase assays showed a significant decrease in SRF transcriptional activity following MDV3100 treatment in both parental and Abl cells (p<0.001 and p<0.01 respectively) (Figure 1 B) . Similar results were obtained using bicalutamide (data not shown).
As the mechanisms underlying disease progression are associated with AR hypersensitivity [22] and previous studies in myoblasts have linked SRF with AR [10] , we next investigated the role of AR in the induction of SRF transcriptional activity in response to DHT. In order to explore whether SRF induction in response to androgen stimulation was dependent on AR, we silenced AR expression by smallinterference RNA (siRNA) ( Figure 2A ) and looked at SRF transcriptional activity and protein expression.
As shown in figure 2B, AR silencing resulted in a significant reduction of SRF transcriptional activity following DHT treatment in both parental and Abl cell lines (p<0.05 in parental LNCaP and p<0.0001 in Abl cells). While no change in SRF mRNA expression was detected following AR silencing (data not shown), Western blotting showed down-regulation of SRF protein expression following AR siRNA ( Figure 2C ), which would suggest a post-translational regulation as the mechanism by which SRF transcriptional activity is affected in response to AR silencing. To strengthen the luciferase assays results we assessed the mRNA expression of endogenous Twist ( Figure 2D ), which we had previously identified as a predicted SRF transcriptional target, based on TF binding motives databases ( [1] , data not shown). In the parental LNCaP cells, TaqMan analysis showed that Twist mRNA expression was significantly decreased (p<0.05) following AR silencing in the presence of DTH, in accordance with the luciferase assay. In the Abl cells however, while in the absence of androgens Twist mRNA expression was significantly decreased (p<0.05) following AR silencing, in the presence of DHT, a significant increase in Twist mRNA expression (p<0.05) was detected following AR siRNA.
To further support our hypothesis that SRF transcriptional activity was dependent on AR protein expression, we transfected a pEGFP-C1-AR plasmid in the AR negative cell line PC346 DCC, in order to ectopically express AR in these cells. As shown in figure 2E , AR over-expression was successful with the cells transfected with the pEGFP-C1-AR plasmid responding to DHT stimulation compared with the empty vector (EV) control cells which did not respond. We next looked at SRF transcriptional activity following AR over-expression. While cells transfected with the EV did not show increased SRF transcriptional activity in response to DHT stimulation, cells transfected with the pEGFP-C1-AR plasmid showed a significant induction of SRF transcriptional activity post-DHT ( Figure 2F ). Taken together these results clearly demonstrate that SRF transcriptional activity is dependent on AR protein expression.
AR transcriptional activity is affected by SRF protein expression
To explore whether SRF dependency on AR was reciprocal , we down-regulated SRF expression by siRNA ( Figure 3 A) and looked at AR transcriptional activity. At the baseline level, luciferase reporter assays showed no significant change in AR transcriptional activity following SRF silencing in both parental and Abl cell lines. However, following DHT stimulation, a significant increase in AR transcriptional activity was shown in the Abl cells (p<0.05) but not in the parental LNCaP (Figure 3 B ).
Western blotting analysis showed a moderate increase in AR expression following SRF silencing in both parental and Abl cells, before and after DHT treatment (Figure 3 C) . These data show that AR transcriptional activity is affected by SRF in castration-resistant cells. The increase in AR transcriptional activity following SRF down-regulation by siRNA is indicative of a negative feedback loop between SRF and AR in castration-resistant Abl LNCaP cells.
Correlation between SRF and AR expression in prostate cancer tissues
To translate our in vitro findings to clinical tissues from patients, we assessed SRF and AR expression by immunohistochemistry ( Figure 4 ) and looked at their correlation, using two TMAs representative of the androgen-sensitive and castration-resistant stages of the disease. Staining of the TMA containing tissue samples from androgen-naïve prostatectomies (341 patients) showed a positive correlation between SRF and AR expression in both benign (p<0.001, R=0.414) ( Table 1 ) and tumour cores (p<0.001, R=0.362) ( Table 2 ). Staining of the TMA containing metastatic tumours (from bone and soft tissue sites) from 42 patients who died of CRPC, had previously been performed for SRF [5] and AR [20] . Pearson correlation tests showed a negative correlation between SRF and AR expression in these castrate-resistant patients (P=0.01, R=-0.208) ( Table 3) .
Impact of SRF inhibition on cellular viability and proliferation compared to AR inhibition
We have recently shown that SRF inhibition significantly decreases cell proliferation in parental and Abl
LNCaP cells [1] . Here we wanted to assess the impact of SRF inhibition on cellular viability and proliferation in comparison to inhibiting AR, the current treatment strategy for locally advanced and metastatic disease. LNCaP Abl cells were used in these experiments since they represent the cellular model closer to castrate-resistant patients. Cellular proliferation was measured as the S phase of the cell cycle following propidium iodide (PI) staining and flow cytometry. While SRF silencing with siRNA caused a significant decrease in cellular proliferation (p<0.05), no difference was displayed post AR inhibition. Moreover, the combined knock-down of AR and SRF did not show any difference in cell proliferation when compared with SRF knock-down alone (Figure 5 A) . Cell viability was assessed next following inhibition of SRF and AR using small molecule inhibitors. SRF was inhibited using CCG-1423 as previously published [1] , while AR was inhibited using MDV3100 ( Figure S1 ). Cell viability assays showed that both inhibitors caused a similar decrease in cell viability. However, the combination of the two drugs showed a significantly higher decrease in cell viability (CCG-1423 vs. combination p=0.001;
MDV3100 vs. combination p<0.001) (Figure 5 B) .
Computational modelling of the proposed mechanism of SRF action
In order to summarise our findings on the relationship between SRF and AR in LNCaP cells in a AR is likely to be the core regulatory mechanism underlying the observed data.
Discussion
Despite CRPC ability to survive in an androgen-depleted environment, AR remains a valid therapeutic target in advanced disease, which justifies the use of abiraterone acetate and Enzalutamide (MDV3100) in this setting [11] . However, reports of patients failing these treatments are starting to emerge [23], highlighting the need for additional novel and more effective therapeutic targets. Due to the fact that a significant proportion of CRPCs remain sensitive to ligand activation of AR [11] , perhaps novel therapeutic targets should be identified among the numerous co-regulators and secondary transcription factors involved in AR action. We have recently identified SRF as a promising target for CRPC treatment [1] . In the current study we have gone on to show evidence supporting SRF association with AR and the potential use of SRF as a therapeutic target which works synergistically with AR inhibition.
Firstly we demonstrated that SRF transcriptional activity is responsive to androgen stimulation, which led us to investigate whether this was driven by AR. Our data showed that the Abl cells were much more sensitive to androgen stimulation compared with the parental LNCaP cells, which is in line with previous reports [12] and in agreement with androgen hypersensitivity as an important mechanism for surviving in an androgen-depleted environment [22] . Not only were the LNCaP Abl cells sensitive to androgen stimulation but SRF transcriptional activity was also decreased following Enzalutamide (MDV3100) and bicalutamide (data not shown) treatment in these cells. The fact that the LNCaP Abl cells are grown in CCS serum would support the concept that CRPC cells have the ability to produce their own androgens [24] . Supporting this, pathway analysis of the transcriptomics profiling which led to this study, identified steroid metabolism as one of the pathways associated with the differential gene expression observed ([1],data not shown).
We next wanted to assess whether SRF activation following androgen stimulation had the potential to affect AR transcriptional activity and expression. Vlahopoulos and colleagues had previously shown that AR was specifically recruited by serum response elements only in the presence of SRF in C2C12
myoblats, suggesting a protein-protein interaction between SRF and AR in these cells [10] . Here we showed that SRF transcriptional activity is dependent on AR protein expression, using two approaches:
down-regulation of AR in LNCaP parental and Abl cells using siRNA and over-expression of AR in the AR-negative PC346 DCC cell line [13] . These results clearly demonstrated that SRF protein levels and transcriptional activity are dependent on AR protein expression, in line with a previous study showing that AR knock-down by siRNA prevented androgen induction of the SRF transcriptional targets, CNN2
and SDK1 [8] . In agreement with this, we have shown that AR silencing using siRNA interferes with the androgen induction of Twist-1, which we had previously identified as a predicted transcriptional target of SRF [1] . Interestingly, these experiments have highlighted a different behaviour in the parental LNCaP compared to the Abl cells. While in the parental LNCaP cells AR silencing prevented androgen induction of Twist-1, in the Abl cells there was a differential response depending on the absence or presence of androgen stimulation. In the absence of androgens Abl cells behaved like the parental LNCaP; however in the presence of DHT Twist-1 transcription was increased by AR silencing rather than being inhibited.
While further studies are needed to elucidate this differential behaviour of Twist-1 in the Abl cells, we could speculate that Twist-1 transcription could be either stimulated or repressed depending on SRF levels. In other words there might be a certain threshold of SRF activation after which Twist-1 transcription is inhibited rather than enhanced.
Several studies reported that alterations in AR co-regulators can modulate AR activity when androgen levels are decreased [25] [26] [27] [28] [29] ; we questioned whether this could be the case also for SRF. Our experiments showed that AR transcriptional activity is affected by SRF protein expression, suggesting a role for SRF as an AR co-regulator. The fact that SRF knock down by siRNA has only a minor effect on AR protein expression suggests that SRF may act as a modulator of AR post-translational modifications rather than directly modulating its transcription/translation. Modulation of AR activity by post-translational modifications can occur through several mechanisms including: protein stability, interaction with other proteins and cellular localisation [30] . Studies are ongoing in our laboratory to determine the molecular mechanisms by which SRF down-regulation affects AR protein expression and activity.
The increase in AR activity post SRF down-regulation is indicative of a negative feedback loop between SRF and AR. This negative feedback loop was confirmed to be clinically relevant in CRPC bone metastases which showed a negative correlation between SRF and AR. In contrast, a positive correlation between SRF and AR was demonstrated in radical prostatectomies which represent patients who would still be sensitive to androgen. This switch between a positive to a negative correlation between SRF and AR during prostate cancer progression would support the need for additional therapeutic targets in addition to AR in later stages of the disease. The importance of the negative feedback loop as the core regulatory mechanism underlying the observed data was highlighted by a computational model based on our experimental data. Based on this model, the negative feedback between SRF and AR may be responsible for the ability of these cells to grow in an androgen-depleted environment, where lower SRF transcriptional activity would drive up-regulation of AR with the consequential hypersensitivity to androgens. However, our model also predicts that AR up-regulation will in turn drive SRF transcriptional activity through which cells will survive due to SRF role in promoting cell survival and proliferation.
Therefore concomitant inhibition of SRF and AR would seem a reasonable therapeutic approach to overcome up-regulation of both targets in CRPC. In order to test SRF as a potential therapeutic target, the impact of its inhibition on cellular viability and proliferation was compared with inhibiting AR, which is the main therapeutic target currently in clinical use. Inhibition of SRF using siRNA was more effective in decreasing cell proliferation compared to AR knock-down, suggesting that SRF may be a more effective target for CRPC. These results were partially confirmed by using small molecule inhibitors targeting SRF and AR. In the LNCaP Abl cells both inhibitors showed the same effect in decreasing cellular viability.
Moreover, while the combined knock-down of SRF and AR did not show a further decrease in cellular proliferation compared with the single knock-down of SRF and AR, the use of CCG-1423 and Enzalutamide (MDV3100) in combination showed a synergistic effect in decreasing cell viability in both cell lines. The apparent discrepancy between the siRNA and the small molecule inhibitors can be explained by the fact that down-regulation of protein expression by siRNA cannot guarantee complete protein silencing, while by acting directly on the transcriptional activity of SRF and AR [31, 32] , both CCG-1423 and MDV3100 have a more effective inhibition of SRF and AR respectively. Overall, both siRNA and small molecule inhibitors experiments pointed to SRF as an interesting target for CRPC;
however the small molecule inhibitors are more clinically relevant since MDV3100 is already used in the clinic for CRPC patients and CCG-1423 has already been tested in in vivo models [32] .
Conclusion
In conclusion this study has shown evidence of a cross-talk between AR and SRF in advanced prostate cancer. At the core of this cross-talk a negative feedback loop between SRF and AR was demonstrated in vitro and in clinical samples as well as being supported by a computational model. Our data highlight the importance of SRF in CRPC and support SRF as a promising therapeutic target in combination with current treatments. A) Cells were seeded in 6 well plates at a density of 250,000 cells per well. The following day they were transiently transfected with a pool of siRNAs specific for SRF or non-specific control siRNAs.
Tables
Following 48 hours, total protein extracts were prepared for western blotting and β-actin was used as A) SRF IHC staining. B) AR IHC staining. Examples of negative (1), weak (2), moderate (3) and strong (4) nuclear staining are shown for both SRF and AR (40X magnifications).
Figure 5. Impact of SRF inhibition on cellular viability and proliferation.
A) Cells were seeded in 6 well plates at a density of 250,000 cells per well. The following day they were transiently transfected with a pool of siRNAs specific for AR, SRF or non-specific control siRNAs.
Following 48 hours, total protein extracts were prepared for western blotting and β-actin was used as loading control. Representative images from three independent experiments are shown. B) Cells were seeded in 6 well plates at a density of 250,000 cells per well. The following day they were transiently transfected either with a non-specific control siRNAs, a pool of siRNAs specific for SRF, a pool of siRNAs specific for AR or a combination of SRF-siRNA and AR-siRNA. Following 48 hours, cells were tripsinised and stained with PI prior to FACS analysis. Proliferation was assessed by measuring the S phase within the cell cycle. C) Cells were seeded in 12 well plates at a density of 5x10 5 
